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ABSTRACT 


A  vertical  temperature  gradient  *s  effect  upon  temperature  radiation 
emitted  from  partially  metalized  silicon  (Si)  transistor  substrates  has  been 
investigated.  Hie  theoretical  error  of  a  surface  temperature  reading,  obtained 
with  the  IR  scanning  method,  has  been  estimated,  lhis  numerical  analysis 
indicates  that  significant  temperature  errors  occur  only  for  n-resistivities 
above  0.02  fl  .cm  and  for  p-resistivities  above  0.05  3  -cm;  consequently,  no 
surface  coating  with  paint  is  necessary  for  lower  resistive  substrates. 
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An  Important  characteristic  for  the  usefulness  of  microwave  power  transistors 
is  '.he  l^ixisaa:  :.e. .vneraturr  rise,  a  T^*,  that  occ\irs  at  any  one  point  of  the 
ransictor  surface,  if  the  total  power  W,  is  dissipated  in  the  transistor.  The 
quantity  0  =  A  T Yfax/'*  is  referred  tc  as  the  ”thermal  resistance”  of  the 
transistor.  Measurement  of  the  power  dissipation,  W,  in  a  transistor  usually 
presents  no  problems,  but  const ierable  controversy  exists  regarding  the  method 
used  to  measure  the  temperature  of  surface  hot  spots.  It  is  agreed  that  sane 
technique  involving  scanning  of  the  surface  and  meastigjng  the  radiation  emitted 
r'ron  each  point  with  an  infrared  sensitive  microscope  Is  appropriate .  Disagree¬ 
ment  exists,  however,  as  to  exactly  how  the  surface  of  the  transistors  should 
be  treated  for  this  measurement  and,  in  particular,  whether  it  Bhould  be  left 
uneoamed  or  coated  with  black  paint.  The  following  discussion  will  give  the 
pros  and  cons  of  such  a  procedure  and  establish  criteria  as  to  when  transistor 
surfaces  shotild  be  coated. 


This  designation  is  theoretically  not  quite  correct.  Thermal  resistance  Is 
usually  defined  as  the  temperature  difference,  A  T,  between  two  interfaces, 
divided  by  the  heat  flow  through  both  interfaces.  In  transistors,  however, 

.he  bonded  interface  of  the  silicon  (Si)  chip  against  the  heat  sink  is  usually 
designated  as  one  of  the  interfaces;  the  choice  of  the  transistor  top  surface 
as  an  interface  is  problematic,  since  heat  is  actually  not  produced  at  the 
surface  but  in  the  junction  some  distance  from  the  surface.  Measuring  the 
surface  temperature  for  thermal  resistance  determinations  will,  therefore, 
introduce  a  small  but  measurable  error  into  the  calculation,  because  the  heat 
loss  through  radiation  makes  the  surface  temperature  appear  lower  than  the 
junction  temperature.  Also,  the  temperature  over  the  surface  Is  not  uniform, 
and  the  true  thermal  resistance  of  the  transistor  would  have  to  be  the  integral 
of  the  thermal  resistivities  over  the  entire  surface.  When  considering  power 
transistors,  however,  one  Is  interested  in  the  highest  temperature  rise, 

A  Tfrfov,  which  can  be  measured  in  any  one  spot  when  the  total  power  dissipation 
in  the  transistor  Is  W;  we  shall,  therefore,  follow  the  general  practice  of 
calling  A  Tm-,vA/  the  thermal  resistance  of  the  transistor. 

!Ht 

Example:  Sierra/ Riilco  "Hi$i  Spec-'i  Thermal  Mieroplotter  Model  705B. " 


3, 


2.  ARGUMENTS  FOR  OR  AGAEIST  PAH7TH73  'HT'R  T':lA:T.ir,T&:.  ./ .kTACf  "T/.O 


ttie  reasons  usually  cited  for  coating  the  ti-xnsisto  * 
follows: 


si :  r  face  black 


are  as 


,  .a*  in<iI-un  ontiomonide  (inSb)  infrared  scanner  used  to  measure  the  heat 

radiation  is  most  sensitive  in  the  region  between  j  and  6  ym.  Pure  Si  is 

a*>ove  wn*  Therefore,  one  does  not  measure  the  true  temperature 

v  ^r®nsistor  surface,  but  rather  the  temperature  that  is  influenced  by 
the  bonded  heat  sink  underneath.  Black  paint,  however,  will  indicate  the 
precise  temperature  of  the  surface. 

b.  The  emissivity  of  black  paint  is  many  times  higher  than  that  of  the 
me tali zed  part  of  the  surface.  Temperature  measurement  of  painted  surfaces 
is,  therefore,  more  precise  than  unpainted  surfaces. 

c.  The  hottest  part  of  the  transistor  is  under  -he  me  tali  zed  aluminum- 
emitter  contacts.  Because  of  the  low  emissivity  o  ’  aluminum  end  the  low 
resolution  of  the  thermoscanncr,  the  radiation  from  these  hot  spots  is 
averaged  with  a  low  weighting  factor  againss  the  colder  regions  of  the  Si 
surface. 

The  arguments  against  painting  the  transistor  surface  black  are  as  follows; 

a.  This  is  a  destructive  method,  and  the  transistor  is  loot  after  testing. 

b.  Since  the  paint  layers  employed  are  approximately  2  mns  thipi-  -he 
surface  contours  of  the  transistor  are  not  discernible  through  the  nicroccone* 
identification  of  the  sites  of  the  transistor  surface  hot  coot3  is  d*  ■Vf'  e"l*-  * 

if  not  Impossible.  *  " 

c.  The  coating  of  the  transistor  surface .with  black  paint  places  unknown 
quantities  of  impure  Ions  over  the  passivated  layer  which  may  change  the 
transistor's  characteristics. 


d.  Since  paint  has  a  high  dielectric  constant  (typically  around  j)  in 
the  microwave  region,  a  dielectric  layer,  several  mils  thick,  may  easily  le?--.-. 
the  transistor  measuring  circuit  and  cause  abnormally  hi -h  power  disslnation. 

e.  The  electrical  conductivity  o  '  pain';  decreases  exponentially  with* 
temperature  and  may  reach  the  point  where  Ik  be cones  sol  ."-heatin'-  and  awe  ’ 
it3  own  hot  spots. 


f.  Due  to  the  low  !v  rr.vs,l  conductivity  o-'  uuint ,  a  substantial 
gradient  can  occur  across  -his  layer,  -.spici-all--  when  i  is  ‘or  cod 
•and  result  in  misreading  ‘.he  tempo  -.-ntvro* o  '  -he  a-rf-.-ce. 


I 


•proc  eed  from 
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THEORETICAL  ESTIMATES  TOR  ERROR  O’!  ITTPAHITED  ObT-RACT. 

It  is  cpjito  clear  from  this  urguv.on..  h».  •  ivanw  •  •;  .nto  on  tmpaini.ecl 
surfaces  arc  to  bo  pro  "erred,  i?  the  er  -or  predw  .:oi  in  this  warmer  can  be 
'.olcratoi.  The  following  will,  however,  estimate  the  sir.c  of  this  error  Tor 
a  number  of  practical  configurations.  Basically,  this  error  depends  on  the 
.'o  Herring  quantities  i  degree  of  metalie  at  ion,  cmissivity  of  the  metalized 
area,  thickness  and  resistivity  of  the  Si  substrate,  and  the  temperature 
gradient  across  the  sample.  The  following  trill  consider  the  effect  of  each 
of  these  quantities . 

Consider  a  slab  of  Si  Of  the  thickness  d  (Fig.  l).  A  fraction  of  the 
surface,  called  a,  is  metalized.  Since  the  spot  sice  of  the  scanner  is 
typically  2  mil  square  in  area,  the  radiation  reaching  the  microscope  is 
always  a  mixture  of  radiation  coming  from  the  metal  and  from  the  Si  part  of 
ohc  surface.  If  Si  is  of  hi^t  resistivity  (?),  then  its  absorption  coefficient, 
«C,  is  lot^and  a  portion  of  the  radiation  .‘ror.  the  3i  actually  comes  from 
deeper  Si  layers^  or  even  the  heat  sink.  This  results  in  calibration  errors, 

J. :  a  vertical  temperature  gradient  exists  in  the  3i  and  radiation  from  the 
colder  bull;  of  the  samples  mixes  with  the  radiation  coming  from  the  hotter 
regions  near  the  surface.  The  problem  of  determining  the  error  in  surface 
temperature  measurements  by  the  scanning  method  is  now  equivalent  to  finding 
the  amount  of  total  radiation  coming  from  the  colder  inside  of  the  wafer  in 
relation  to  the  total  radiation  coming  from  the  entire  Si  wafer  and  to  finding 
the  error  in  temperature  reading  that  this  difference  in  radiation  produces 
in  the  scanner  for  a  given  S,  a,  an&e£ ,  when  the  surface  temperature  is  T  and 
a  vertical  temperature  gradient,  dT/dx,  exists.  Since  we  are  only  discussing 
microwave  power  transistors,  we  may  assume  that  the  emitter  me  tali  zat  ion  strips 
are  spaced  several  ym  apart,  and  no  lateral  gradient  exists  along  the  surface. 
In  quantitative  terms,  the  total  radiation  reaching  the  microscope  from  the 
metalized  and  unmetalized  region  can  now  be  expressed  by 

I  -  (a  Sjfet  ♦  (1-*)  sSi>  R0M  X  )  ,  (1) 

where  S^^and  Ssi  are  the  emissivities  of  the  metal  and  Si  areas,  R(T,A  A  ) 
is  the  radiation  function  corresponding  to  the  black  body  radiation  falling 
within  the  photoconduetive  sensitivity  range  (3-6  ym)  of  the  IR  detector.  As 
pointed  out  above ,  Sg^  is  not  a  surface  but  a  bull;  property  and  Is  dependent 
on  the  absorption  coefficient  and  temperature  gradient  within  the  Si.  Seme 
concern  exists  with  regard  to  the  protective  oxide  over  the  Si,  but  since  its 
thickness  is  typically  less  than  one  quarter  of  the  IR  wavelength,  it,  therefore, 
does  not  interact  with  radiation  coming  from  the  3i  or  metal  films  or  emit 
radiation  on  its  own.  We  may  for  the  purpose  of  this  calculation  ignore  the 
existence  of  such  films. 


^R.  Gordon,  "The  Emission  of  Radiation  by  Transparent  Materials," 
Henry  Blau  and  Heins  Fischer,  Editors,  Radiative  Transfer  from  Solid 
Materials  (MacMillan  1  Co,  New  York, 


Li  order  to  estimate  Sg^  as  a  function  of  the  absorption  cceffioj.cn-,  •.<_ 
assume  initially  that  no  vertical  temperature  gradient  exists,  restricting 
ourselves  to  the  case  of  highly  doped  materials,  i.e.,  Q.  /«<  <  d>,  where 
only  IR  radiation  from  the  bulk  Si  and  almost  none  of  the  back  interface  can 
reach  the  front.  The  radiation,  r,  reaching  the  surface  from  a  layer,  dx, 
at  the  depth  x  of  the  sample  is  then  given  by: 

rdx  -  R(T,  A  X  )dx  (2) 

Since  the  entire  wafer  is  kept  at  a  uniform  temperature,  R  is  independent  of 
x.  Because  of  the  assumption  <L/o*  <  <J,  we  can  extend  the  integration  limit 
to  •  and  obtain 

m 

Qf  rdx  *  R(T,A  X  )  (3) 

The  amount  of  radiation  capable  of  leaving  the  surface  is  smaller  than  the 
radiation  reaching  the  surface  because  of  reflection  losses  due  to  the  high 
refractive  index  of  Si  (n  «■  3*^3)  In  the  wavelength  range  under  consideration. 
This  reflection  loss  is  given  by  (n-l)^/(n+l)2  and  amounts,  in  our  case,  to 
30^.  It  follows  that  Si  without  a  temperature  gradient  has  an  enissivity  of 


Si, grad 


» 


(4) 


regardless  of  its  absorption  coefficient,  04 ,  within  the  limits  of  approximation 
discussed  above. 


We  shall  now  consider  the  case  whore  the  temperature,  T,  decreases  from 
the  surface  temperature,  Ts,  at  a  rate  dT/dx.  R,  in  this  case,  becomes  a 
function  of  x,  but  for  small  temperature  gradients,  we  can  approximate  ^ 

R  *  Hjs  -  A  R,  where  A  R  follows  from  Stef an-Boltzmann * s  law,  R  =  o  t 
(with  o  =  Stef  an-Boltzmann  constant)  os 

Mm  h  M  •  h-M  (5) 

R  T  ax  T_ 


Substituting  Equation  (5)  into  Equation  (2),  we  obtain  the  following 
expression  for  the  total  amount  of  radiation  reaching  the  surface  from  the 
bulk  where  a  temperature  gradient  dT/dx  exists: 


7  r  ,  a-  dx  :  7  e“oCx  1  -  k  R(T,A  X  )dx 

0  gra afO  0  ^  x  T- 


tc\ 


.  *We  neglect  here,  and  hereafter,  all  rcabsorption  and  reemicsion  of 
radiation  in  the  transparent  region  of  the  Si. 


(7) 


dlf  .stlt’tting  Ebuation  (j)  or.d.  intcgvatin;:  the  above,  h  •  pt»va*fon  b 
rgrad^O  ^  *  (“  “  '■  .  '*  '  ^(?,  AX)  (7) 

'  ^  A  ;:  «.  .oc 


Tfc  can  new  calculate  the  cnissivity  o'*  Si  with  a  surface  tenpcrati’.re  Ts 
(i.e.,  the  fraction  of  radiation  that  can  leave  the  our race  from  a  sample 
having  a  temperature  (gradient.  dT/dx,  in  relation  to  the  total  amount  of 
radiation  that  x/ould  be  generated  in  the  3i  if  no  temperature  gradient  exists), 
obtaining: 


°Si,grad/0 


0.7  (  1 


A  T  1 

Ax  T„.oc 


(8) 


h.  TYPICAL  ERRORS  FOR  PARTIALLY  I-CTALirZD  SURFACES 


Uc  are  now  able  to  estimate  the  error  in  radiation  reading  from  a  Si  wafer 
that  Is  caused  by  the  presence  of  a  vertical  temperature  gradient  from 

Error  »  ISra*J° - ^(P*adfa -  ,  where  1^^^  and  Igrad^  represents  the 

grad=0 


total  radiation  according  to  Sjuation 
a  gradient.  Substituting  Equations  (k 
obtain: 


CD  ft 

)  and  (8)  into  Equation  (l),  we 


^rror  = 


(l-a)  (Ssj^jrad^O  "  JSi,grad=o) 
a  ^Set  +  (1~a^  SSI,grad/0 


for  a  Si  wafer  with  or  without 
Into  Equatior 
A?  1 

- -  (9) 


A  X 


T„ 


a 


0.7  (1-t)  SSi  +  1 


We  now  calculate  this  error  for  the  following  parameters  that  are  typical  for 
microwave  transistors: 

a  ■  l/2  (1/2  of  the  transistor  surface  is  netalieed) 

=*  0.1*  (see  Ref.  2) 

t„  =■  >00°:: 

d  =  100  y  r. 


This  value  was  chosen  as  an  estimate  between  3  «*  1.1  'or  oxidised  und 
:j  *  0.00  for  highly  polished  Al. 

a 

C.  Fodgnnn,  HirndbooV  of  Chemiotir  ■wu'1  Hiveics  (aieuisnl  Rubber  Publishing  Oo., 
C?.cvciand,  Ohio,  1951)/  jjrd  Edition,  pp. 


Figure  2  plots  the  error,  computed  from  Equation  (9),  in  radiation  emitted 
from  a  Si  surface  for  various  Si  materials  having  absorption  coefficients, 

*^=  125,  166,  250,  500,  and  1000  cm"1  (corresponding^  to  n-resistivities  of 
0.014,  0.009,  0.007.  0.005,  and  0.0025q  .cm)  and  temperature  gradients  of  1, 

2,  3,  4,  and  5  x  10^  °c/cm  (corresponding  to  temperature  differences  of  4  T 
-  10,  20,  30,  40,  and  50°C  across  the  100 y  m  thick  sample).  Ih  the  most 
unfavorable  case  considered,  i.e.,  for  relatively  pure  (0.014  ft. cm)  Si 
substrates  and  large  temperature  differences  of  50°C  across  the  sample,  the 
surface  is  at  127°C  and  the  maximum  radiation  error  measurement  as  a  result  of 
this  gradient  would  be  35$.  However,  because  of  the  non-linear  radiation- 
temperature  dependence  of  the  measuring  system,  the  actual,  temperature  error  is 
much  lower.  Taking  a  typical  calibration  curve  for  Si  from  a  Sierra-Hiilco 
Microscanner,  one  obtains  the  temperature  errors  plotted  in  Fig.  3  as  a  function 
of  temperature  difference  across  the  wafer  for  various  resistivities.  It  is 
noticed  that  in  this  way  a  maximum  temperature  error  of  only  12. 5$  occurs  as 
upper  limit  in  the  extremely  unlikely  case  that  the  temperature  difference  is 
50°C  and  the  Si  is  n-type  and  of  0.014  ft.em  resistivity  (or  p-type*  of  0.05 
ft  .cm  resistivity).  Most  microwave  transistors,  however,  have  lower 
resistivities,  and  their  temperature  differences  across  the  wafer**  are  most 
likely  less  than  50°C.  Qhe  true  error  may  be  still  smaller,  since  we  have  not 
taken  into  account  the  grating  effect  of  the  metalization.  This  occurs  when  the 
Si  openings  between  the  metalization  fingers  of  the  transistor  are  less  than  the 
wavelength  of  3-6  urn  of  the  IR  scanner.  The  net  effect  of  such  diffraction 
grating  effect  would  be  to  cause  wider  angular  distribution  of  the  radiation 
than  from  unmetalized  Si. 

5.  CONCLUSIONS 

The  numerical  estimate  for  the  error  in  temperature  readings  of  surface 
scanned  Si  transistors,  illustrated  for  100  vm  thick  substrates  and  50$ 
metalization,  can  easily  be  extended  to  other  geometries  and  temperature 
gradients  using  Equations  (l)  and  (8).  It  is  clear  from  these  examples  that 
substantial  errors  in  temperature  readings  with  the  thermoscanner  method  will 
only  occur  when  the  substrate  resistivity  becomes  larger  than  0.02  ft.em  for 
n-type  and  approximately  0.05  ft.em  for  p-type.  For  lower  resistivity  materials, 
the  potential  errors  in  temperature  readings  for  uncoated  samples  are  more  than 
offset  by  errors  that  could  be  introduced  by  the  coating  of  the  surfaces  with 
black  paint. 

* 

Absorption  coefficients  for  heavily  doped  p-Si  are  not  available  but  can  be 
extrapolated  from  measurements  at  lower  doping  levels  (Vavilov,  August,  i960 ) . ^ 

.fry. 

It  should  be  noted  that  beryllia,  which  is  frequently  used  as  heat  sink 
material  for  microwave  transistors,  has  a  similar  thermal  resistivity  as  Si  and 
that,  therefore,  in  the  Sl-beryllia  composite  structure  a  larger  temperature 
drop  will  occur  in  the  thicker  beryllia  heat  sink  than  in  the  very  thin  Si. 

Spitzer  and  H.  Y.  Fan,  "infrared  Absorption  in  n-type  Silicon,"  Riys.  Rev., 
Vol.  108,  pp.  268-271,  1957. 

V.  S.  Vavilov,  "The  Absorption  of  Free  Charge  Carriers  by  Infrared  Radiation  in 
Silicon,"  Soviet  Rrysics-Solid  State,  Vol.  2,  No.  2,  pp.  346-34-9,  August  i960. 
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GRADIENT  ACROSS  Si  WAFER  aC/cm 

FIG.  2.  LOWERING  OF  TEMPERATURE  RADIATION 
EMITTED  FROM  Si  SURFACE  AS  A  RE¬ 
SULT  OF  VERTICAL  TEMPERATURE 
GRADIENT  FOR  VARIOUS  ABSORPTION 
CONSTANTS 


FIG. 3.  LOWERING  OF  TEMPERATURE  READ¬ 
ING  ON  n-Si  SURFACE  AS  RESULT  OF 
VERTICAL  TEMPERATURE  GRADIENT 
ACROSS  THE  WAFER  FOR  VARIOUS 
RESISTIVITIES 
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